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Superparamagnetic nanoparticles previously modiﬁed with mercaptopropyltriethoxysilane were
employed in this work as electrode modiﬁers, for direct use in the presence of an external miniature mag-
net, for the analysis of mercury ions from aqueous solutions, as well as from crude oil. After capturing the
mercury ions, the nanoparticles were magnetically concentrated at the electrode surface. The nanoparti-
cles coating exhibited a sharp electrochemical response, and the preconcentration effect led to a strong
enhancement of the electrochemical signals. The in situ magnetic coupled electroanalysis was success-
fully demonstrated for mercury ions and confronted with parallel energy dispersive X-ray ﬂuorescence
measurements. Rather consistent results were observed for mercury ions either from aqueous solutions,
as well as from the crude oil samples.
 2011 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Mercury and its common chemical forms are toxic, persistent
species in the environment, exhibiting a great tendency to accu-
mulate in biota [1,2]. The most sensitive analytical methods for
mercury involve amalgamation pre-concentration [3,4] with gold,
followed by heating in an inert gas stream and subsequent metal
detection, using for instance [5] cold vapor atomic ﬂuorescence
(CVAF). Analytical procedures for mercury in hydrocarbon ﬂuids
vary considerably, including combustion/trap [6], vaporization/
trap [7], acid digestion and oxidative extraction [3]. In the combus-
tion methods, mercury in the resulting vapors is trapped by amal-
gamation on gold. Acid digestion methods employ a mixture of
nitric, hydrochloric, sulfuric and perchloric acids to chemically oxi-
dize mercury to mercuric ions that are extracted in aqueous solu-
tion. The most common methods of detection of mercury vapor
after combustion/trap or vaporization/trap are based on UV atomic
absorbance and ﬂuorescence, as exempliﬁed by CVAF [5]. In aque-
ous solution mercury ions are usually found as chloride and aque-
ous complexes, and can be conveniently determined by stripping
analysis using standard electrochemical methods [8–10]. Recently,
surface enhanced Raman spectroscopy (SERS) has also been em-
ployed for mercury, in association with spot test analysis [11].x: +55 11 3815 5579.
sevier OA license.Nowadays most electrochemical methods are based on the use
of modiﬁed electrodes, because they exhibit enhanced perfor-
mance, incorporating the chemistry and physics of the immobi-
lized species. Modiﬁers can improve electron transfer, helping in
many cases, to prevent surface poisoning and undesirable electro-
chemical processes. Among the large variety of chemically modi-
ﬁed electrodes, self assembled supramolecular porphyrin ﬁlms
[12–14] have been successfully employed as electrode coatings,
providing effective electrochemical gates for the detection of ana-
lytes such as sulphite, nitrite, ascorbic acid, dopamine and several
drugs. Naﬁon ﬁlms and polymers have also been extensively em-
ployed as electrode modiﬁers, for many different purposes [15],
including molecular imprinting [16]. Analogously, immobilized en-
zymes have been applied in selective redox catalysis [17], and
more recently, metal nanoparticles [18–20] and carbon nanotubes
[21] have also been explored as versatile electrode modiﬁers.
Superparamagnetic nanoparticles are now opening interesting
applications in analytical chemistry [22]. Such nanoparticles exhi-
bit a single magnetic domain, a characteristic point associated with
their nanometric dimensions [23]. Because of this, they undergo
very strong magnetization in the presence of magnetic ﬁelds, in
contrast to the conventional micro and macroscopic particles
where the net magnetization is strongly reduced by the random
interactions from themultiplemagnetic domains. Moreover, super-
paramagnetic nanoparticles exhibit a very large surface area, form
stable colloidal solutions and can be suitably functionalized in
order to interact with speciﬁc analytes and biomolecules [24–31].
Fig. 1. Interaction of magnetite (Fe3O4) superparamagnetic nanoparticles previously modiﬁed with mercaptopropyltrimethoxysilane with mercury ions.
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nanoparticles in bioelectrocatalysis, by conﬁning enzymes and
polymer composites at the electrode surface, and controlling the
chemical reactivity at solid-solution interfaces. In our laboratory,
enzymes have also been successfully immobilized on functional-
ized superparamagnetic nanoparticles for performing enantioselec-
tive catalysis and allowing their efﬁcient magnetic recovery after
the many catalytic cycles [36–38].
It should be noticed that commercially available nanoparticles
have already been employed for capturingmercury ions from aque-
ous solution [39], but in this context, they have never been used as
electrodemodiﬁers for performing directmagnetic coupled electro-
chemical analysis. In this work, we demonstrate that magnetite
(Fe3O4) superparamagnetic nanoparticles (MagNP) previouslymod-
iﬁed with mercaptopropyltrimethoxysilane (MPTS) can be used not
only for capturingmercury ions from aqueous solution and in crude
oil samples, but also for concentrating them at the electrode surface
with the aid of an external magnet. Their good electrochemical re-
sponse allows to perform in situ electrochemical analysis, with no
need to dissolve then in order to release the mercury ions (Fig. 1).
The observed electrochemical results were confronted with parallel
external energy dispersive X-ray ﬂuorescence measurements for
the mercury containing superparamagnetic nanoparticles.
2. Experimental
Superparamagnetic nanoparticles of magnetite of about
10–20 nm were obtained by the co-precipitation method, and
coated with MPTS as described in the literature [40–42]. The modi-
ﬁed nanoparticles were stored dry, and the solutions were always
freshly prepared by redispersing the solids in water containing the
analytes, using an ultrasonic bath for 30 min. In the dry form, the
nanoparticles are mainly in the form of aggregates. After mild soni-
cation, stable colloidal solutions of nanoparticle clusters of about
80–100 nm can be obtained. Such colloidal solutions are suited forFig. 2. Rectangular electrochemical cell containing the conventional three electrodes arra
an external magnetic ﬁeld (B).analytical purposes, since they respond more rapidly to the applied
magnetic ﬁelds, facilitating the transport and deposition of the
nanoparticle clusters.
In the case of mercury analysis in crude oil, 0.5 ml of sample
containing known amounts of mercury salts (mainly HgCl2) was
mixed with 10 ml of hexane, and the MPTS-MgNPs were added.
The suspension was kept under stirring for 30 min and then the
superparamagnetic nanoparticles were collected with the aid of
an external magnet, and washed many times with n-hexane, ace-
tone and water.
Cyclic voltammetry was carried out on an AUTOLAB PGSTAT30
potentiostat/galvanostat, using a rectangular quartz cuvette (Fig. 2)
containing, in addition to a platinum wire counter electrode, a Lug-
gin capillary with the Ag/AgCl (1 mol L1 KCl) reference electrode
and a 3 mm diameter platinum disk working electrode. This elec-
trode was placed in contact with the cuvette quartz window, using
a convenient experimental setup for the application of an external
magnetic ﬁeld as shown in Fig. 1. Miniature Nd2Fe14B disk magnets
(1 cm, 11 kOe) from MagTek were employed in this work.
Energy dispersive X-ray ﬂuorescence (EDXRF) measurements
were carried out using an EDX720 instrument from Shimadzu,
equipped with a X-ray tube with Rh target and a Si(Li) detector. The
operating conditions were: voltage = 50 kV; current = 117–378 lA;
collimator, 1 mm; X-ray atmosphere = air; measurement time, 30 s.
Typically, 5 mg of the dry samples were placed inside the plastic
support for theMylar ﬁlm and the analysis was performed bymon-
itoring the La line for mercury (9.7–10.2 keV) .
For characterization purposes, magnetization measurements of
the superparamagnetic nanoparticles as a function of temperature
in the zero ﬁeld cooled (ZFC) and ﬁeld cooled (FC) mode, and also
as a function of magnetic ﬁeld (hysteresis) were performed using a
Cryogenic Sx600 superconducting quantum interference device
(SQUID) based magnetometer.ngement with the working platinum electrode (A) in a suitable position for applying
Fig. 4. Scan rates dependence on the voltammograms of the superparamagnetic
nanoparticles previously treated with 6.0  108 mol L1 Hg2+ solution; KNO3
1.0  101 mol L1 was used as electrolyte (pH 7).
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The starting superparamagnetic nanoparticles were monitored
by dynamic light scattering and SEM, exhibiting an average size
distribution of 10–20 nm. Their superparamagnetic behavior was
conﬁrmed by magnetization experiments and related ﬁeld cooling
(FC) and zero ﬁeld cooling (ZFC) measurements. Typically, no hys-
teresis was observed above 115 K, corresponding to the blocking
temperature. At room temperature, a saturation magnetization of
49 emu/g was determined from the extrapolation to very high
magnetic ﬁelds.
In general, functionalization of the magnetite (Fe3O4) nanopar-
ticles, e. g. with organosilanes, is performed for stabilization pur-
poses and to extend their useful lifetime. By forming a protective
coating, it can prevent or diminish the air oxidation which gradu-
ally converts the nanoparticles into maghemite (c-Fe2O3) and then
into hematite (a-Fe2O3), losing the superparamagnetic behavior.
For analytical purposes, the protective coating can be especially
designed to incorporate a large number and variety of coordinating
groups, such as organothiols, thus turning the modiﬁed nanoparti-
cles into very interesting agents capable of interacting with chem-
ical and biological species.
For the electrochemical experiments, a precise amount (e.g.
5 mg) of nanoparticles was suspended into 3 ml of the sample
solution containing the electrolyte and transferred to the quartz
cuvette electrochemical cell, as illustrated in Fig. 2. By applying
an external magnetic ﬁeld at the back side of the working platinum
electrode, the superparamagnetic nanoparticles were attracted,
forming a visible coating on the electrode surface.
The voltammograms of the magnetically conﬁned nanoparticles
previously treated with 2–8  108 mol L1 Hg2+ ions are shown in
Fig. 3. This concentration range is compatible with those usually
found in water and in oil contaminated with mercury ions. There
is a sharp enhancement of the signals, due to the high local concen-
tration of the Hg2+ ions, exhibiting a good linearity with the con-
centration of the mercury ions.
The intensities follow a linear behavior with respect to the scan
rates, as shown in Fig. 4.
Therefore the superparamagnetic nanoparticles coated with
electroactive species behave as a redox conducting layer, allowing
efﬁcient electron transfer to the electrode. The observed voltam-
mograms exhibit a proﬁle coherent with a diffusion controlled
behavior for a nanoparticle ﬁlm thicker than the diffusion length
of the electroactive species. A similar behavior has also beenFig. 3. Square wave voltammograms (F = 30 Hz, Estep = 0.005 V, ETime = 10 s Scan
rate = 150 mV s1, 0.6 V? 0.4 V) of magnetically conﬁned nanoparticles previ-
ously treated with 10 ml of a) 2  108; 4  108; 6  108; 8  108 mol L1 Hg2+
ions, in comparison with a solution of 4  108 mol L1 Hg2+ in the absence of the
magnetic nanoparticles; KNO3 1.0  101 mol L1 was used as electrolyte (pH 7).observed for the modiﬁed electrodes coated with a layer of mag-
netic, or dendrimeric nanoparticles encompassing a large number
of ferrocenyl groups, at the external surface [43,44].
In the case of the oil samples, after diluting with n-hexane, the
MPTS-MagNPs were added and the mixture was sonicated for
30 min. After this time, the superparamagnetic nanoparticles were
collected with a magnet, and washed many times with n-hexane,
acetone and water, before transferring into the electrochemical
cell, using the same arrangement and conditions employed for
the aqueous solutions.
A typical response with respect to the concentrations of HgCl2
in crude oil are shown in Fig. 5. As observed in aqueous solutions,
there is a strong enhancement of the electrochemical signals with
the concentration of the mercury ions, and with the scan rates
(Fig. 6).
It should be noticed that the cathodic scan reﬂects the electro-
chemistry of the mercury ions coordinated to the sulfur groups of
MPTS. As one can see in Fig. 2, in the absence of the superparamag-
netic nanoparticles, this wave is very small. The cathodic wave is
strongly enhanced by the magnetically induced pre-concentration
of the Hg–MPTS-MagNPs onto the electrode surface, with the inte-
grated current peaks consistent with the expected amount of mer-
cury ions in the samples.Fig. 5. Square wave voltammograms of MPTS-MagNPs collected after their treat-
ment with crude oil samples containing (a) 0, (b) 2.0  108, (c) 4.0  108, (d)
6.0  108 and (e) 8.0  108 mol L1 mercury ions. (F = 30 Hz, Estep = 0.005 V,
ETime = 10 s Scan rate = 150 mV s1, 0.6 V? 0.4 V); KNO3 1.0  101 mol L1 was
used as electrolyte (pH 7).
Fig. 6. Scan rates dependence of the voltammograms of the superparamagnetic
nanoparticles previously treated with 6.0  108 mol L1 Hg2+ solution; KNO3
1.0  101 mol L1 was used as electrolyte (pH 7).
Fig. 7. Square wave voltammograms showing in cathodic scan (a), the reduction of
Hg2+ ions coordinated to the superparamagnetic nanoparticles, and the stripping
anodic scan and (b) after removing the superparamagnetic nanoparticles from the
working electrode surface; Scan rate = 150 mV s1; KNO3 1.0  101 mol L1 was
used as electrolyte (pH 7).
Fig. 8. EDXRF spectra, showing the La and Lb mercury lines, of the Hg/MPTS-
MagNPs collected from aqueous solutions using a magnet; inset: plot of EDXRF
versus the concentration of the mercury ion solutions.
Fig. 9. Determination of Hg2+ from 15 ml, 400 ppm (acetate/phosphate/borate)
buffered solutions at pH 2.0, 4.0, 6.0, 7.0, 9.0 and 10.0, using MPTS/MagNPs (5 mg).
Fig. 10. Electrochemical analysis of Hg2+, 400 ppm (a) and interference study of
Pb2+, Ni2+, Cu2+ ions (400 ppm each), pH 7 (b).
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can be removed from the working electrode surface, and a reverse
anodic scan can be applied, as shown in Fig. 7. In this case, a rather
strongwavewas also observed around 0.35 V, indicating a strippingcondition, where most of the mercury atoms were already depos-
ited onto the electrode surface. However, it should be noted that
in this case, the stripping condition was greatly improved in rela-
tion to the conventional procedure, since the deposition can be per-
formed in a single step with the aid of the superparamagnetic
nanoparticles, with no need to perform exhaustive electrolysis.
The superparamagnetic nanoparticles containing mercury ions
can also be removed from the solutions and analysed for the metal
content using Energy Dispersive X-ray ﬂuorescence (EDXRF) mea-
surements. Typical results are shown in Fig. 8.
Consistent results have been obtained for the mercury ion anal-
ysis from aqueous and crude oil samples, using EDXRF.
Interference studies, as well as pH dependence, are essentially
associated with the mercury capture process, since it involves a
typical coordination chemistry reaction. This process was investi-
gated in detail, by performing the analysis in the presence of buf-
fers or typical contaminants such as Pb2+, Ni2+ and Cu2+ ions. As
shown in Fig. 9, the best sensitivity is obtained in the pH 7–9 range,
corresponding to the pKa of the thiol groups. Above pH 10, mercury
ions tend to precipitate as oxo-hydroxo compounds, while below
pH 6 there is a competition between the H+(aq) and Hg2+ ions for
the thiolate sites.
Metal ions interference depends on their afﬁnity for the thiol
groups, and in this sense, the great advantage of the mercury ions
is quite well known. In addition, the interference can also be dis-
criminated by the selected deposition potentials of the metal ions
involved. As a matter of fact, as shown in Fig. 10, the electrochem-
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enced by the presence of Pb2+, Cu2+ and Ni2+ ions, even though a
small signal for Pb2+ can be observed at 0.4 V.
4. Conclusions
The thiolfunctionalized superparamagnetic nanoparticles can
be effectively employed to analyse mercury ions from aqueous
and organic solutions, using external miniature magnets to con-
centrate them at the electrode surfaces and to perform in situ elec-
trochemical measurements. The electroanalytical procedures here
reported seem quite convenient, for their low cost, providing large
signal enhancements due to the pre-concentration effects. In addi-
tion, an improvement of the electrochemical stripping methods
can also be achieved, eliminating the necessity of applying exhaus-
tive electrolysis or deposition procedures. The possibility of deter-
mining mercury ions in crude oil is another exciting result,
considering the economical impact associated with the presence
of this particular contaminant in the petrochemical products.
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